Abstract
Important findings
Basal levels of cyanogenics and phenolics significantly differed among populations and regions across the range of P. lusitanica, with this variation having a heritable basis. Cyanogenics (prunasin) were significantly higher in ancient Macaronesian populations, while phenolic concentrations were larger in iberia. The higher cyanogenic levels found in Macaronesia could be a consequence of the known stronger herbivory pressure in the islands than in iberia or the likely longer coevolutionary history with herbivores in this region. These findings indicate that the geographical variation of key ecological traits such plant chemical defences can be imprinted by phylogeographical signals, particularly in relict species. Regarding defence inducibility, prunasin increased after simulated herbivory whereas phenolics mostly decreased after defoliation. Variation in defence inducibility across populations and regions was evident, although no consistent patterns related to the variation in herbivore feeding guilds were observed, particularly among regions with and without ungulate browsing pressure. Finally, a trade-off among induced levels of qualitative (prunasin) and quantitative (phenolics) defences was detected in one of the defoliated treatments, likely as a result of a stronger resource limitation in damaged plants.
Keywords: herbivory, intraspecific variation, phylogeography, plant defences, relict flora Received: 17 August 2016, Revised: 9 November 2016, Accepted: 13 December 2016 iNTRODUCTiON Much of the extraordinary chemical and morphological diversity among plant species is believed to reflect defensive adaptations to natural enemies as a product of coevolution (Ehrlich and Raven 1964; Thompson 1999; Rausher 2001; Turcotte et al. 2014) . Coevolving antagonistic interactions such as herbivory may additionally vary among populations of a single species due to the geographical variation in herbivore assemblages and the strength of the interaction, which represent the basis of the process known as the geographic mosaic of coevolution (Thompson 1999; Thompson 2005) . Additionally, the degree of plant-herbivore range matching and the stage of coevolutionary arm races are inherently linked to the genealogy of plant lineages (Labandeira 2002; Ballhorn et al. 2016) . It has been shown that plant-herbivore interactions acting on evolutionary timescales can lead to escalating evolutionary arms-races in which plants express increasingly higher or more complex defences in order to escape their antagonists (Becerra et al. 2009; Rasmann and Agrawal 2011) . Given that different populations located throughout a species' range do differ in their time since colonization and genetic relatedness, geographical variation in traits mediating herbivory, such as plants' chemical defences, should be imprinted by phylogeographical signals (Eckert et al. 2008) . Variation in the chemical defence pattern among populations would thus reflect local adaptation to different selective pressures by herbivores. These effects may be expected to be of greater importance in species with highly discontinuous ranges, such as climatic relicts (Pulido et al. 2008; Rodríguez-Sánchez and Arroyo 2008) or species inhabiting inland and mainland environments (Traveset and Riera 2005) , due to low genetic flow among populations. Relict species additionally hold a long history of range shifts and fragmentations which have presumably left long lasting imprints on their population genealogy, thus representing excellent objects for comparative evolutionary and ecological studies (Habel and Assmann 2010) . Despite the importance of the geographical component, few studies have addressed genetically based intraspecific chemical defence variability across the entire range of a species (but see Gerson et al. 2009; Woods et al. 2012; Zas et al. 2015) .
Additionally, based on Optimal Defence Theory (Rhoades 1979) , there would be some plants (or populations) which invest mostly in specific toxic chemical defences that are very effective in low concentrations, denominated 'qualitative'. By contrast, other plants would invest mainly on low-toxicity defences that affect basic animal functions like digestion and have greater effects on herbivores as concentration increases, named 'quantitative' (Fox 1981) . The role of common chemical compounds acting as quantitative defences such as phenolics has been extensively studied whereas the role of highly toxic qualitative defences such as cyanogenic glycosides (CGs) has not been thoroughly investigated until more recently (Vetter 2000; Gleadow and Woodrow 2002; Zagrobelny et al. 2004; Gleadow and Møller 2014) . The possession of several defensive mechanisms may be costly for a plant as predicted by the Resource Availability Hypothesis (Coley et al. 1985) . Thus, a trade-off between quantitative and qualitative defences could theoretically be expected to occur in a single plant species (Feeny 1976; Rhoades 1979; Fox 1981) . In fact, a recent review showed that patterns of toxic versus digestibility-reducing defences fit the predictions of the Resource Availability Hypothesis (Massad et al. 2011) .
Within the framework of plant chemical defence against herbivores, it is well established that various defensive traits change in response to real or simulated herbivory in many plant species (Schultz 1988; Agrawal 2011) . It has been widely shown that phenolic compounds can be induced by herbivory damage (Karban and Baldwin 2007) . For instance, insect damage and wounding can have strong stimulatory effects on tannin production in some plants (e.g. Pinus sylvestris L., Populus species and Quercus species), suggesting that tannin synthesis contributes to induced defence (Barbehenn and Peter Constabel 2011) . By contrast, CGs are considered a constitutive defence system not induced by wounding or attack by herbivores or pathogens. Results from several studies found no change in concentration of CGs following wounding of the tissue (Gleadow and Woodrow 2000; Hayden and Parker 2002; Webber et al. 2007 ). However, Ballhorn et al. (2006) observed an increase of enzymatic activity related to cyanide release after defoliation in Phaseolus lunatus L., though cyanogenic potential did not increase in response to wounding. Additionally, a recent review gathered empirical support for the idea that CGs biosynthesis and cyanogenesis might respond to environmental changes (Gleadow and Møller 2014) . Thus, further studies are needed to better understand the inducible or constitutive nature of CGs. In addition, geographical differences in herbivore feeding guilds across the range of a species might elicit differential plant responses (Ali and Agrawal 2012) . Indeed, it has been widely suggested that, depending on the feeding mode of a herbivore (e.g. chewers versus phloem-feeders such as aphids or whiteflies), different plant responses will be induced (Ali and Agrawal 2012) . Moreover, severe browsing has been reported to cause no induction or even to reduce defence concentrations in individual plants (Du Toit et al. 1990; Danell et al. 2003) . Thus, differences in defence inducibility patterns could be present among regions with diverse insect herbivore communities and with and without browsing herbivore pressure.
In this study, we investigated the geographic variation in chemical defence patterns among populations and regions across the range of the relict tree Prunus lusitanica. We also tested for intraspecific differences in defence inducibility and for a trade-off among defence types. To determine if differences are genetically-based, we compared populations grown under a common environment through a greenhouse experiment. P. lusitanica represents an ideal study system to test phylogeographical and evolutionary plant-herbivore hypotheses due to its highly fragmented range, with isolated populations in three separate regions which are known to differ in time since colonization (Calleja et al. 2009; García-Verdugo et al. 2013) as well as in herbivory selective pressures. Herbivory damage has been observed to be greater in Macaronesia with respect to Iberia (Pardo and Pulido, unpublished) , and it is known that different herbivore communities are present across its range. In effect, there is an absence of wild ungulates in the islands and Moroccan populations whereas endemic mollusc species are exclusively present in Macaronesia (Lázaro 2006; Cameron et al. 2007) . Thus, we specifically tested the following predictions: (i) Higher levels of specialized chemical defences will occur in populations with stronger herbivory pressure and/or longer coevolutionary history with herbivores, (ii) Different defence inducibility patterns will be evident among island and continental populations due the absence of ungulates and presence of endemic herbivore guilds in Macaronesia and (iii) A trade-off among qualitative (CGs) and quantitative (phenolics) defences will occur due to costs of investment in several defensive mechanisms.
MATERiALS AND METHODS

Study species
The Portuguese laurelcherry (P. lusitanica) is an evergreen, lauroid tree, considered a paradigmatic example of a Tertiary relict tree persisting in the Mediterranean. Tertiary relict floras contain survivors from plant communities that were distributed throughout the Northern Hemisphere during the Tertiary, which receded as a consequence of the increasingly drier and cooler climatic conditions during the late Tertiary and early Quaternary. Currently, their distribution is restricted to enclaves in mountainous areas of the western Mediterranean (Hampe and Arroyo 2002; Mejías et al. 2007 ), although they also persist in some Macaronesian islands (Vargas 2007; Fernández-Palacios et al. 2011) , providing an interesting scenario for studying plant evolution. In fact, P. lusitanica shows a highly fragmented range, with scattered populations in three separate regions-Iberia, northern Morocco and Macaronesia (Calleja et al. 2009 )-that hold different evolutionary trajectories. Based on previous genetic and phylogeographical studies (García-Verdugo et al. 2013; Calleja et al., unpublished) , a relative pattern of colonization of the different regions can be established, with central Iberian populations likely being the result of recent colonization from coastal refugia from the Last Glacial Maximum (Calleja et al. 2009 ), whereas Macaronesian populations would have a more ancient origin (García-Verdugo et al. 2013) . In Macaronesia, trees grow in subtropical laurel forests of Azores, Madeira and the Canaries characterised by high annual precipitation levels along with an important effect of local fog drip, and with minimal annual and daily oscillations so frost does not occur (Fernández-Palacios and Arévalo 1998). By contrast, Mediterranean populations in Iberia and northern Morocco comprise trees growing in refuge riparian sites along streams in mountainous areas that buffer significant temperature oscillations and water shortage during the summer (Pulido et al. 2008) . Moreover, a study assessing herbivore damage across the range of P. lusitanica (Pardo and Pulido, unpublished) , observed that the percentage of damage measured in the tree canopy was significantly higher in Macaronesia (mean 43.93 ± 1.23% of leaves damaged) than in Iberia (mean 22.58 ± 0.87% of leaves damaged).
P. lusitanica is a laurelcherry belonging to the subgenus Laurocerasus, for which a diverse array of general and specific defensive compounds have been isolated. In addition to general defences commonly found in other woody plants such as phenolics or terpenes, laurelcherries have the ability to synthesize specific CGs (prunasin and amygdalin), which may generate highly toxic by-products (Poulton 1990; Santamour 1998) . CGs play an important role in plant defence against herbivores through the production of a bitter taste and the release of toxic hydrogen cyanide upon tissue disruption (Zagrobelny et al. 2004; Gleadow and Møller 2014) . In effect, Patton et al., (1997) found a strong negative correlation between the concentration of the CGs prunasin and amygdalin in the leaves of several Prunus species and beetle feeding intensity.
Plant material and greenhouse experiment
We set up a greenhouse experiment with plants from different populations across the range of P. lusitanica, grown under a common environment and planted in adjacent blocks. Plants were grown from seeds collected in wild populations in Autumn 2010, from at least 10 mother trees per population in order to avoid maternal effects. Seeds were individually sown in 500 cm 3 pots filled with a soil substrate (pH 6.5) consisting of a 3:1 volume mixture of peat and washed river sand and placed in a glass greenhouse located at the University of Extremadura Campus in Plasencia (Cáceres province; 40° 1′ 39″ N, 6° 5′ 27″ W, Spain). Pots were placed on metal containers which were permanently filled with a 5-cm deep water table to ensure that all saplings were kept at field capacity and they did not experience water shortage. By minimizing environmental variation, our greenhouse experiment allowed us to detect genetically based divergence among populations. We analyzed CGs and phenolics concentration in 210 3-year old plants comprising 10 different populations across the range of the species: four populations from Iberia (Salobriga, Arbillas, Mesto and Cabeço), three from Morocco (Quetama, Er Pemla and Jandak Iaabdunin) and three from the Canary Islands (Ensillada, Jardina and Casa Cumbre). The location of populations is shown in Fig. 1 . We selected 21 plants from each population and randomly assigned three treatments (n = 7): control (undamaged), D2 (sampled 2 h after defoliation) and D72 (sampled 72 h after defoliation).
To test for the inducibility of defences, we randomly excised (with scissors) one third of all the leaves for each plant. Although mechanical damage does not always have the same Figure 1 : Natural distribution range of P. lusitanica (grey shaded area) and location of the 10 populations used in the greenhouse experiment. Population names abbreviations: AR (Arbillas), CA (Cabeço), SA (Salóbriga) and ME (Mesto) in Iberia; EP (Er Pemla), JI (Jandak Iaabdunin) and QE (Quetama) in Morocco; JA (Jardina), CC (Casa Cumbre) and EN (Ensillada) in Macaronesia.
effect on chemical defence induction as natural herbivory (Baldwin 1990) , it allows to control both the timing and type of damage. In addition, as our objective was to test for variation among populations and all populations were subjected to the same damage treatment, artificial herbivory represents a suitable approach in our study. We collected fully developed leaf samples of similar morphological characteristics and position of leaf insertion at the stem to ensure that they shared approximately the same developmental stage, in order to avoid ontogenetic variation in the traits measured. We collected among three to four whole leaf samples per plant at different times: before treatment for the control and 2 h and 72 h after defoliation for the D2 and D72 treatments, respectively. Time lag after defoliation was established based on a literature review, where most of the studies looking at CGs and phenolics induction worked with that time range (Clausen et al. 1989; Gleadow and Woodrow 2000; Ballhorn et al. 2006; Izaguirre et al. 2007; Webber et al. 2007 ).
Chemical analyses
Leaf samples (210 samples in total which comprised among three to four leaves per plant) were frozen with liquid nitrogen immediately after collection, and stored at −80ºC until analysis. Sample material was then freeze-dried (Telstar Lyoalfa 6, Barcelona, Spain) for 12 h and stored dry until analysis. CGs prunasin and amygdalin concentration was determined by chromatography using a porous graphitic carbon column (following Berenguer-Navarro et al. 2002) . The cyanoglycoside extraction was performed as follows: samples of about 0.2-0.4 g were shaken with 10 ml of methanol for 12 h at room temperature in a reciprocal shaker, in the presence of 0.5 g of activated carbon. Suspensions were subsequently decanted, and the supernatant was filtered through a 0.45 µm nylon filter. Aliquots from this solution were injected directly into the column. Then, cromatography was performed by HPLC-QTOF. We used a Zorbax SB C18 rapid resolution column (4.6 × 150 mm, 3.5 µm) (Agilent), with 10 µl volume of injection, ammonium formate pH 7 as eluent at a 0.2ml/min flow rate, and UV detection at 218 nm. Prunasin and amygdalin (obtained from Sigma-Aldrich, Madrid, Spain) were used as external standards to construct the calibration curves in order to quantify concentration of both compounds. CG concentration is referred to in dry weight. By contrast, phenolics concentration was determined colorimetrically using the Folin-Ciocalteu reagent in 0.3 g of plant tissue, after extraction with aqueous methanol (1:1 vol:vol) in an ultrasonic bath for 15 min, following centrifugation and subsequent dilution of the methanolic extract. Tannic acid was used as standard to build the calibration curve. Concentration of total phenolics was determined colorimetrically in a spectrophotometer at 760 nm and referred to as tannic acid equivalents in the vegetal tissue on a d.w. basis. Despite recent criticisms, the Folin-Ciocalteu is one of the most widely used methods for determination of total phenolic content and has been shown to give similar results to other methods (Yu and Dahlgren 2000; Díaz-García et al. 2013) . Chemical analyses were conducted at the Elementary and Molecular Analysis Unit at the University of Extremadura in Badajoz (Spain).
Statistical analyses
We first analysed through an ANOVA the effect of region and population (nested in region) on secondary metabolite basal levels (control treatment only). We analysed solely prunasin and phenolics; amygdalin was excluded as concentrations were extremely low (i.e. below 4.34 mg/100 g), with a majority of values being zero. To test for inducibility upon damage, we analysed through an ANOVA the effect of treatment (control, D2 and D72), region and population (nested in region) on the concentration of toxins. Interactions among treatment and region and among treatment and population were also included in the model for each type of toxin. We also tested for the short-term and long-term response to defoliation at the population and regional level. We finally analysed through linear regression the existence of a trade-off between qualitative (prunasin) and quantitative (phenolics) defences in basal levels (control treatment) and defence levels after artificial defoliation. All variables but prunasin met assumptions of normality. Prunasin concentration was boxcox transformed to meet normality assumptions. We used the R environment version 3.1.1 (R Core Team 2014) with functions 'lm', 'aov' and 'TukeyHSD' from the stats package for all statistical analyses.
RESULTS
Concentration of secondary metabolites in P. lusitanica leaves
CGs analyses yielded prunasin concentrations in P. lusitanica leaves between 4.92-555.92 mg/100 g dw, lower than in other Prunus species such as Prunus serotina Ehrh. (971-5900 mg/100 g dw) (Santos Pimenta et al. 2014) . Amygdalin concentrations were extremely low, all values falling below 4.34 mg/100g dw. Finally, phenolic concentrations found in P. lusitanica leaves (80.56-192 .74 µg/g dw) were also inferior to other Prunus species such as Prunus padus L. (1200-1800 µg/g dw) (Czerniewicz et al. 2011) .
Intraspecific variation in basal secondary metabolites
We found highly significant differences among populations in the basal levels of both prunasin and phenolics in P. lusitanica leaves (P < 0.010 for both compounds). With regards to differences among regions across the range of the species (grouping populations according to region of origin), basal levels of prunasin were significantly higher (P << 0.001) in the Macaronesian region compared to the other two regions (Fig. 2) . Contrarily, basal phenolic concentrations were significantly higher (P << 0.001) in Iberia (Fig. 3) . The percentages of variance explained by region, population, plant sample and residuals were for prunasin 40.2%, 19.8%, 4.7% and 35.2% respectively, and for phenolics 26.4%, 22.7%, 10.5% and 40.4%, respectively (variances calculated from results of linear models).
Inducibility of defences
We found a significant effect of the artificial herbivory treatment on the concentration of prunasin and phenolics (Table 1 ). Both secondary metabolites showed an induced response to the defoliation treatment though each compound expressed opposite effect directions. We observed that prunasin significantly increased in defoliated treatments D2 and D72 as compared to the control treatment (posthoc Tukey test P < 0.001 and P < 0.050, respectively). Prunasin showed an increase of 58.19% (s.e.: 12.95) in D2 treatment with respect to the control and of 34.92% (s.e.: 13.14) in D72 treatment. On the contrary, phenolics decreased significantly both in the treatments D2 and D72 as compared to the control (post-hoc Tukey test P < 0.001 for both). Phenolics showed a decrease of 7.3% (s.e.: 2.5) in treatment D2 with respect to the control and of 6.7% (s.e.: 2.49) in D72 treatment. We observed a significant interaction between treatment and population for both chemical defences (Table 1 , see online appendix for additional details), whereas a significant interaction between treatment and region only for phenolics (Table 1) .
Grouping populations by region of origin, we found no differences on the effect of the treatment on prunasin levels among regions, although no significant differences among treatments were detected in Macaronesia (Fig. 2) . In Iberia, there was an increase of 60.1% (s.e.: 13.27) in treatment D2 with respect to the control and a significant increase of 115.93% (s.e.: 26.14) in treatment D72. In Macaronesia, we observed an increase of 33.64% (s.e.: 26.8) in treatment D2 with respect to the control and of 4.68% (s.e.: 17.41) in treatment D72, but none of them was statistically significant. In Morocco, there was a significant increase of 159.78% (s.e.: 18.54) in treatment D2 with respect to the control and an increase of 24.32% (s.e.: 10.37) in treatment D72. By contrast, we observed a short and long term significant decrease in response to defoliation in phenolics levels (8.43% [s.e.: 3.3] in D2 and 17.14% [s.e.: 3.9] in D72) in Iberia (posthoc diff > −27.768, P < 0.018) and a significant short-term decrease of phenolics (12.26% [s.e.: 4.6] in D2) in Macaronesia (posthoc diff: −18.038, P = 0.003), whereas no significant differences in phenolics levels among treatments were found in Morocco (Fig. 3) .
Trade-off between qualitative and quantitative defences
The linear regression analyses showed a non-significant relationship between the levels of qualitative (prunasin) and quantitative (phenolics) chemical defences in the control across separate regions of the range of P. lusitanica for the different treatments: control (basal levels), D2 (defoliated and sampled after 2 h) and D72 (defoliated and sampled after 72 h). Bar height is the mean and whiskers are standard errors. Different letters denote statistically significant differences. F-values are shown along with statistical significance. *P < 0.05; **P < 0.01; ***P < 0.001; ns P > 0.05. treatment (r = −0.008, P = 0.949, adjusted R 2 = 0.01, Fig. 4 ).
However, we observed a negative and significant correlation between defence types in the defoliated D2 treatment (r = −0.44, P = 0.0001, adjusted R 2 = 0.27, see Fig. 4 ). Finally, no significant relationship was found in the D72 treatment (r = −0.06, P = 0.481, adjusted R 2 = 0.07, Fig. 4 )
DiSCUSSiON
In this study we showed the existence of significant intraspecific variation in baseline heritable secondary metabolites and defensive strategies among populations and regions across the range of the relict tree P. lusitanica. Moreover, we observed an increase of the cyanogenic glycoside prunasin and a decrease of phenolics after artificial herbivory. We also found a trade-off between prunasin and phenolics (qualitative and quantitative defences) in one of the damaged treatments. These key findings contribute to improve our understanding of the causes and ecological importance of genetic intraspecific variation in plant secondary metabolites, and are further discussed below.
Concentration of secondary metabolites in P. lusitanica leaves
This work represents the first comprehensive study to analyze chemical defences patterns in the Tertiary relict tree P. lusitanica, specifically phenolics and CGs leaf concentrations. Nonetheless, two previous studies had already quantified terpene content and cyanogenic potential of the species (Biessels et al. 1974; Santamour 1998) . Although in our study we did not undertake an experiment to corroborate that the analyzed compounds in P. lusitanica were negatively correlated with herbivore performance, several studies have shown that both phenolics and CGs play a central defensive role against herbivores (Tattersall et al. 2001; Zagrobelny et al. 2004; Ballhorn et al. 2008b; Ballhorn 2011; Agrawal 2011) . Additionally, a strong negative correlation between the concentration of the CGs prunasin and amygdalin and beetle feeding intensity has been observed in the leaves of several Prunus species, such as the closely related species P. laurocerasus and P. mahaleb (Patton et al. 1997) .
Intraspecific variation in baseline secondary metabolites
The observed large differences in basal defensive compounds concentrations among populations across the range of P. lusitanica are in line with many previous studies (recently reviewed by Moore et al. 2014) , which have proved the ubiquitous intraspecific variation in anti-herbivore defences. It is often assumed that intraspecific differences in secondary metabolites are due to phenotypic plasticity of genotypes in response to the local abiotic and biotic environment where different populations develop. However, due to the nature of our common environment experiment, we were able to provide evidence that intraspecific differences in baseline CGs and phenolics concentrations in P. lusitanica have a heritable basis, in agreement with the results from many previous studies for other species (reviewed in Agrawal, 2011) . Common environment studies are critical because phenotypic plasticity in response to growing conditions can generate clines, and such plasticity can obscure genetically based trait expression (Woods et al. 2012) . Our results additionally showed significant differences in basal chemical defence levels among separate regions throughout the range of P. lusitanica. Phenolic concentrations were significantly higher in Iberia than in Macaronesia or Morocco. On the contrary, levels of qualitative defences like CGs were significantly higher in the Macaronesian region. Greater levels of highly toxic prunasin in the Canaries represents an interesting result, as several studies have observed that insular plants that had evolved in the absence of browsing mammals were more palatable and less defended compared to those in the mainland that grew in the presence of browsers Bowen and van Vuren 1997; Vourc'h et al. 2001) . However, Adsersen and Adsersen (1993) found that the endemic flora of the Galapagos islands that evolved in the absence of browsers contained a higher number of cyanogenic species than the native flora, presumably as a result of selection by insects, snails and reptiles. Our results could therefore reflect differences in invertebrate herbivore pressure across the range. In fact, herbivore damage due to insects and molluscs on P. lusitanica populations has been observed to be stronger in Macaronesia in comparison to Iberia (Pardo A. and Pulido F., unpublished) . It is indeed recognized that warmer and less seasonal climates of tropical latitudes (similar to that found in Macaronesia) make higher levels of insect attack possible as a consequence of the higher diversity and abundance of herbivore species (Coley and Barone 1996) . Theoretically, variation in the level of herbivory pressure across regions within the range of a species can lead to differences in the local selective regime (Charlesworth et al. 1997) . Two recent studies Züst et al. 2012) provide strong empirical evidence that herbivore communities have the potential to drive large-scale geographic patterns in plant defence profiles. These studies also provided evidence for a rapid qualitative and quantitative evolution of chemical defence traits in response to variation in herbivore pressure. In the light of these findings, it can be suggested that the higher herbivore pressure currently found in Macaronesian populations of P. lusitanica (Pardo A. and Pulido F., unpublished) could have promoted higher levels of powerful qualitative defences such as CGs in this region. In addition, the observed higher levels of prunasin in Macaronesia could also respond to the presence of more specialized herbivores in this region than in the continent, which could tolerate large concentrations of cyanogenic glycosides (Gleadow and Woodrow 2002) . Unfortunately, no data on herbivore specialization was available to support this statement, representing a topic in need of further studies. An alternative, non-exclusive, explanation for the observed differences in chemical defence patterns among regions throughout the range of P. lusitanica could be related to the phylogeography of the species. Historical factors could be especially relevant for relict species such as P. lusitanica due to the drastic range changes and recolonizations, which have apparently left profound imprints in its genealogy (García-Verdugo et al. 2013, Calleja et al., unpublished) . Thus, different regions across its range are likely to hold different evolutionary trajectories, which in turn have resulted into diverse coevolutionary histories with herbivores. Ancient Macaronesian populations showed higher levels of the cyanogenic glycoside prunasin than the other two regions, whereas the more recently colonized populations from central Iberia showed a higher concentration of phenolics. This divergence of defensive ecotypes could have been facilitated by active range dynamics, resulting in differential plant-herbivore coevolutionary stages among populations. It is assumed that plants and other taxa on oceanic islands retained more stable, long-term and restricted distributions (Cronk 1997) , with species interactions experiencing divergent selection for longer time periods and divergence between populations being less constrained by gene flow. Thus, Macaronesian populations likely coevolved for a much longer time with insect herbivores, which, through an arms race escalation, could have led to higher concentrations of powerful chemical defences like prunasin in this region. By contrast, central Iberian populations are the result of recent colonization from coastal refugia after the Last Glacial Maximum (Calleja et al. 2009 ), having suffered more drastic environmental changes during the glacial-interglacial periods resulting in large range changes. Thus, these populations have experienced a shorter coevolutionary history with herbivores, presumably resulting in lower levels of specialized qualitative defences.
Inducibility of defences
Our results suggest that CGs such as prunasin could be induced after herbivore attack in P. lusitanica, contrary to the findings of previous studies (Gleadow and Woodrow 2000; Hayden and Parker 2002; Webber et al. 2007) . Our results are in line with new evidence that showed support for the idea that CGs biosynthesis and cyanogenesis can respond to environmental and developmental changes rather than being a constitutively expressed defence system (Gleadow and Møller 2014) . Concerning phenolics, we found either a short or longterm decrease in response to defoliation in more than half of the populations. Thus, we conclude this type of compounds also show an induced response through a decrease instead of an increase of their concentration upon herbivore attack in P. lusitanica. It has been reported that severe browsing can reduce tannin concentrations in individual plants due to an increased demand of carbon for growth over carbon-based chemical defences such as phenolics (Du Toit et al. 1990; Scogings et al. 2011 ). An investment of carbon resources for growth over phenolics is in agreement with the Resource Availability Hypothesis (Coley et al. 1985) , by which plants under conditions of high resource availability would exhibit higher growth rates and lower defence levels.
By examining inducibility by grouping populations according to region of origin, differences were expected due to fluctuating selection pressures as a consequence of differing herbivore guilds among regions (Ali and Agrawal 2012) . Particularly, differences were expected between island and continental populations due the absence of browsing ungulates and presence of endemic herbivore guilds in Macaronesia. However, no consistent patterns between Macaronesia and the continent were found. In effect, we observed no differences in prunasin response to treatments among regions. Regarding phenolics, we detected a short and long-term decrease in Iberia and a short-term reduction in Macaronesia whereas no significant differences among treatments were found in Morocco. Nonetheless, this regional variation in phenolic inducibility could be explained by a lower resource availability in Morocco, which would determine a higher investment in defences over growth upon damage, in agreement with the Resource Availability Hypothesis (Coley et al. 1985) . It is in fact documented the occurrence of important soil degradation processes and severe erosion in the Rif Mountains due to deforestation and a continuous increase of livestock (Médail and Quézel 1999; Cheddadi et al. 2015) .
Trade-off between qualitative and quantitative defences
Most traditional plant defence theories predict the occurrence of trade-offs between resource investment in different types of anti-herbivore defences (Feeny 1976; Rhoades 1979; Coley et al. 1985; Herms and Mattson 1992) , although actual evidence is still scarce. In addition, several studies have indicated that there may be a trade-off between cyanogenesis and other types of defences like tannins or volatile organic compounds (Goodger et al. 2006; Ballhorn et al. 2008a; Webber and Woodrow 2008; Ballhorn et al. 2010) . These trade-offs may arise due to a resource allocation compromise among expensive nitrogen-based defences like CGs or carbon-based volatile organic defences (Ballhorn et al. 2008a) or due to a negative effect of cyanide on polyphenol oxidases, plant enzymes involved in anti-pathogen defence (Ballhorn et al. 2010; Ballhorn 2011) . In this study, we found evidence of a trade-off among levels of prunasin (qualitative defence) and phenolics (quantitative defence) in P. lusitanica only after artificial herbivory, though exclusively in one of the defoliated treatments. This trade-off may be evident solely after simulated herbivory due to a stronger resource limitation in damaged plants triggered by defoliation through a reduction of photosynthetic area and production of inducible traits such as the increase in prunasin that would prevent saplings from investing in both types of defences simultaneously. Non-exclusively, the observed trade-off could arise as a result of an increased demand of carbon for growth over carbon-based chemical defences such as phenolics upon defoliation, as previously discussed.
CONCLUSiONS AND FUTURE PROSPECTS
Three main findings can be outlined from this study. First, the intraspecific variation in chemical defence patterns in P. lusitanica seem to respond to the geographical variation in the selection pressure exerted by herbivores and to historical factors such as the colonization history of the different populations, supporting the notion that the geographical variation of ecological traits can be imprinted by phylogeographical signals. Second, an increase of the cyanogenic glycoside prunasin after artificial herbivory was observed in P. lusitanica, suggesting that these compounds could be induced by wounding. However, further studies taking into consideration real herbivore wounding and a variety of cyanogenic plants would be needed to make more robust inferences. Third, a trade-off among prunasin and phenolics (qualitative and quantitative defences) was found in damaged plants, likely as a result of resource limitation triggered by herbivory through a reduction of photosynthetic area and production of inducible traits. Gaining a better understanding of intraspecific variation in defensive mechanisms in relict species can inform us about the evolutionary processes shaping this variance and it may have important implications for population dynamics of these rare, but biologically important species. Future efforts should focus on assessing the effects of this variability on consumer-prey interactions, as well as on obtaining more detailed information on herbivory traits (such as variation in seedling survival under herbivory) in order to assess P. lusitanica vulnerability to herbivore damage.
